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JET-BOUNDARY CORRECTIONS FOR LIFTING ROTORS CENTERED IN
RECTANGULAR WIND TUNNELS

By Haney H, Hrvsox

SUMMARY

A theoretical analysis provides wuwmerical ralues
of the correction factor.  The results indicate that at
high speeds the corrections are the same as those for
a wing but that at low speeds, for the cases con-
stdered, there ix a large tunnel-induced wpwash at
the rotor.  Inereasing the rotor size decreases the cor-
rection. factors for wide wind tunnels but has (ttle
effect upon the correction factors in deep narrow
wind tunnels. The corvections are equivalent to a
wind-tunwel-induced yate of elimb (or sink), and
considerable care will be required in the application
to very low speed flight conditions.

INTRODUCTION

With lifting rotors, as with wings, a knowledge
of the effect of jet boundaries is necessary in order
to correlate successfully  wind-tunnel test data
with similar data obtained in free flight.  Required
jet-boundary corrections have been studied ex-
tensively for wings (refs. 1 to 3); however, little is
known about the corresponding corrections for a
lifting rotor.  Most investigators, therefore, have
been reduced to assuming either that the jet-
boundary corrections for a rotor are the same as
those for a wing or that these corrections are so
small that they may be neglected.

The present paper treats the jet-boundary cor-
rections for a rotor centered in a rectangular wind
tunnel. The method used is similar to that used
previously for wings; that is, images are arranged
around the exterior of the test section in such a
manner that the conditions imposed by the jet
boundaries are met. The significant difference
from a wing investigation is the use of a wake pat-
tern which is more representative of a rotor wake.

More specifically, the rotor wake is represented by
a skewed elliptie vortex eylinder which, as shown
in references 4 and 5, gives a reasonable approxi-
mation to the actual flow field of a lilting rotor.

For the limiting case of a vanishingly small
rotor, as well as for the images which are far
distant from the test section, the rotor wake niay
be reduced to a simple skewed Tine of point
doublets.  This approximation greatly reduces
the Iabor involved in numerical ealeulations
while, at the same time, it preserves the essential
feature of the rotor wake, which is the Large
downwind deflection of the flow.

Numerical results are given for two different
wind-tunnel-wall configurations: One is completely
closed and the other is elosed on the bottom only.
The caleulated correction factors cover a wide
range of wind-tunnel width and height, rotor
diameter, and wake skew angle.  Several other
effeets which influence the corrections are treated
less completely; for example, the effect of angle
of attack is caleulated only for a vanishingly
small rotor, and the distribution of the inter-
ference velocities over the rotor is caleulated only
for one case.

SYMBOLS
Ag arca of rotor disk, sq ft
Ap cross-sectional area of wind-tunnel test
section, sq It
a vector distance from an arbitrary point

in space to vortex element (see
fig. 1), ft

B semiwidth of wind-tunnel test section,
ft
Cy lift coeflicient, _I“ft
1 T2
3 P" S'



m, n, p

w

Uy

RIAP

Aw

Iy

theust coofficiont _ Thrust
wust coefficient, =op, ) i

veetor length of vortex element, ft

semiheight of wind-tunnel test section,
ft

unit vectors along r-, y-, and z-axes,
respectively

function related to induced velocity
contribution of one image wake

lift coefficient as used in reference 3,
Lift
o178

distance along rotor wake, ft

integers (see eq. (19b))

strength of doublet, [t*/sec

induced velocity veetor, [ifsce

rotor radius, ft

radial distance from center of rotor, ft

wing area, sq ft

veetor distance from origin to vortex
element in wake, ft

forward and  wind-tunnel
ft/see

veloeity,

vertical induced veloeity, positive up-
ward, ft/sec

vertical induced veloeity at center of

~Lon
rotor, positive upward, 2’ N
VN

ft/see

vertical induced velocity at an arbi-
trary point near a rotor in free flight,
positive upward, ft/sec

vertical interference veloeity at center
of rotor, positive upward, t/sce

Cartesian coordinates centered in rotor
(« measured rearward, y measured
laterally at the right, = measured
upward), (see fig. 1)

height above the ground, ft

angle of attack of tip-path plane,
radians

jet-boundary-induced angle, radians

circulation, sq ft/sec

wind-tunnel width-height ratio, B/

wind-tumnel  jet-boundary-correction
factor

Vsin a +w,

QR

rotor inflow ratio,
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1 cos o

rotor tip-speed ratio, - S5
: b5t QR
p mass density of air, slugs/cu ft
ratio of rotor diameter to tunnel width,
RIB
o potential of a single doublet, sq ft/see
b potential of u semi-infinite skewed row
of doublets, sq [t/sec
-1 T H
X wake skew angle, tan™' N deg
¥ rotor azimuth angle, measured [rom

downwind position, radians
rotor rotational speed, radians/see

L)
o

Not that, contrary to usual practice in rotary-
wing s udies, all induced and interference velocities
are considered herein to be positive when directed
upwari.

THEORY

INDUCED VELOCITY OF ROTOR IN FREE AIR

Rotary-wing induced-veloeity theory is based
upon an assumed vortex wake consisting of a
skewed elliptical evlinder formed from a uniform
distril ution of circular vortex rings (fig. 1).

The induced velocities for the rotor wake in free
air are found by integrating the Biot-Savart law

. (x,y,2

FigurE 1.—Assumed wake of rotor in free air.
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where i, 7, and z are measared from the center of the doublet.
For the semi-infinite line of doublets, the potential function ¢ is

- *

__J" (10)
P = o [e—LsinX) 22+ (2L cos x) 2

where x, ¥, and z are now measured from the end of the doublet row as in figure 2.
Equation (10) may be integrated by means of items 162 and 170 of reference 6. After substituting
limits, the result is:

dm* 2408 X 22 Faft 2t
b= i/ T o . T e (1 1)
¢ (22494 2242 cos x—r sin X)\»“w~—:~;7/'—+a:-

The vertical induced velocity will then be the partial derivative of ¢y with respeet to z, or

o,  dm* e i Th

T or ol (va2FyP+ 22z cos X—asin x) (»2 42+ 20"

2 '7’" COS X _v"':l,gry;’g_‘:—g ’ - (1 s))
(Va2 224 2 cos X—asin X)y a2+ - =2 -

In order to relate the strength of the line of doublets to quantities normally- associated with g

w

Z

-

Frovre 2.—Wake of a very small rotor as represented by
a semi-infinite row of vertically directed doublets.
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rotor, note that, in consequence of equation (8),
dm*__ R*dT (13)
dl 4 dl '

However, the induced veloeity at the center of the rotor is (eq. (5))

1dr
llru——g(T] (14)
so that
* )2
d—(’,",’ wy I; (15)

Substituting equation (15) into equation (12) and nondimensionalizing the result with respect to
I, the semiheight of the wind tunnel, yield
n) +<

.\:_{vnff'[' o ,
o L[ / (1§>+(1’/ +(11) t gy cosx—; *‘“"][(n) +( +(121>2]3/2
e .

N D
11) +ppeosx—y; Si“x]\/(fj) +(;/1 +([1)J J

which, after some manipulation, may be rewritten in the samc form as equation (7a); that 18

“w:“::[ YK (fp 1 11)] (172)
where
EAWYEAY
<G i) ()25
\ [ 11) 11) +11“’“" I ““"‘“ 11) +( )]
T N
+‘°“X\/(11)+('1yi) +(f1 1 (17b)

[I)‘}"]]‘O‘X smx]‘ ” +<ﬁ>+<7:7>

J

GG

SOLID LOWER BOUNDARY

below 'he boundary. This mirror-image wake

In the case of a rotor the wake is inclined sharply
across the airstream and, in general, will intersect
the floor of the tunnel at some short distance down-
streamn.  In the present analysis the wake is con-
sidered to continue downstream coincident with
the tunnel floor.  In order to satisly the condition
of zero flow through the solid boundary, there will
be, among others, a mirror-image wake directly

also flows along the boundary after it intersects
the floor.  Since these parts of the two wakes are
of equel and opposite strength and coincident,
they muy be ignored in the caleulations, and the
wakes 112y be considered to terminate at the point
of intersection.

Consider first the flow caused only by the rotor
wake in the test section and by the one image wake
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directly below it (fig. 3). By superposition, from
either equation (7) or equation (17), the vertical
induced velocity 1s given by

oo Ae o2y ;)
= AZ{ 7 [1‘ (,‘11’ i
CK( Pt X S o Yk (F Y, T
I\(u tan x i ”+1) l\(u 1711 2>

(o T ‘
+[& (Tj—tdn X ll) I/ 1 )]} (](\)

where, now, #, . and z are measured from the end
of the upper or “real” wake.

Fraure 3.--Wake and image wake dircetly below floor of
wind tunnel.

7

It will be observed that the superpositions used
in developing equation (18) require that the rotor
has zero angle of attack.  The effect of angle of
attack will be discussed at length in a subsequent
secetion of this paper.

WIND TUNNEL WITH SOLID LOWER BOUNDARY

The two wind-tunnel configurations considered
in this paper have solid lower boundaries.  An indi-
cation of the complete image svstem required to
represent the boundary conditions for the closed
tunnel is shown in figure 4(a) and that for the
tunnel which is closed on the bottom only is shown
in figure 4(b). Tt may bhe seen that these image
systems are similar to those for wings.
reflected neross solid boundaries with opposite

Images are

sign s0 as to meet the requirement of zero normal
veloeity at the boundary, and images are reflected
across [ree boundaries with like sign so as to meet
the condition of a continuous pressure gradient
across the boundary. It may further be seen that
all images oceur in sets identieal to the simple
solid-boundary wuke and image discussed i the
previous section.  Thus, by superposition, from
equation (18) (with the following substitutions:
Jor oy y B _y o2z 4nll 2
AN AN TN T/ A F Y VA VA § |
—4n) the interference veloeity at the centerof the

sSeEEEeEEgEs
SlelsisesosleesEs
Slsisislsciolesisase
elglslosdiclsasag
Slegdlaigseiealr
o

Wind tunnel

(a) Closed wind tunnel,

Ficure 4 —Image system representing effect of wind-tunnel boundaries.

Plus signs indieate same direction

of vorticity as wake in wind tunnel.
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TElaelelalala el :
S el ool aeasase
| OOl el oter e e ey
- Sl IlElicSH=Ici=IE .
- HEHETE BT e B e e e
= Sl e e aalalfale .
S ETETE B e
Wind tunnel FZB.’* "
(HhY Wind tunnel closed on bot om only.
Ficvre 1. —Concludec,
test section is found to be
Aw—5, :’I’ ", (19a)
where
I —f}{”_w mgw (—1)7 l:[f( 11[ ]!/]—'_)Ill‘y, ]:‘1—411;)
—K(:;}-—lzm X, ;’1—21117, ;‘[—4/z+li)—[\'( ,r[’ 1.1/1_2’”%_1?1_'_4”_21)
-|~K(ﬁ—]'r7—tn.n X, 1]/1—21)17,—1}+4/1—1:)]—If( 'rl—t:m X, [’/1’ ]:[-I-l)

ke (

where p=0 for the closed tunnel and p— i+ for
the tunnel which ig closed on the bottom only.

Notice that the terms corresponding to m=n=0
arc omitted from the summation but are repre-
sented separately at the end of equation (19h).
These final terms do not inelude the term repre-
senting the semi-infinite rotor wake itself, sinee 1t
18 only the interference velocity  which
primary coneern herein.

When the skew angle x 18 90° the wake pro-
gresses direetly downstream and never mtersects

i3 of

Loy z

o N ¥
P A e SR G LU

e )} (19h)

the loveer boundary. Thus, for this case, the
second, fourth, fifth, and seventh terms on the
right-hind side of cequation (19b) are zero and
mayv be ignored.
FREE BOUNDARIES AT VERY LOW SPEEDS

It will be noted (ref. 8, for example) that the
boundary condition for a free boundary depends
upon tl e indueed veloeities being small in compari-
son with the wind-tunnel velocity,  For very low
speeds (low skew angles) this condition is largely
violated since the induced effects may be large
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In the limiting case
of hovering (x=-0), the wind-tunnel jet does not
even exist and the free boundaries will have no
effect. Thus, for the wind tunnel considered herein
which is closed on the bottom only, the only
boundary which contributes an interference veloe-
IFor other very

oven when the rotor s small.

ity in hovering is the tunnel floor,
low forward speeds the open boundaries  will
contribute somewhat to the total interference,
although this contribution will not necessarily be
that indicated by the caleulated
Consequently, for low forward speeds, the inter-

corrections.,

ferenee veloeities are assumed herein 1o lie between
those caleulated for the complete tunnel and those
caleulated for the tunnel floor only.

I it may be assumed that the tunnel floor is
effectively of infinite width rather than of width
2B, the correction factor for the floor only mav
be obtained from equation (19h) by omitting all
terms except the last three. At the center of a
very small rotor, appendix A shows that the
correction factor for the tunnel bottom reduces
to the simpler form

5,,.:~z-y({j ('()s‘X—{—l') (20)
T \2 4
The correspondence of the correction fuctors
for the wind-tunnel floor only to ground effect
is obvious.  This subject is discussed in refer-
cnee Y.
OPEN LOWER BOUNDARY
It the lower boundury of the jet is free, the
errors incurred will be even greater sinee  the
actually interseets  this  free boundary.
Figure 5 is a dust flow photograph of the flow
generated by rotor at low speed in a cotmpletely
open wind tunnel. [t may be seen that the wake
is deflected completely out of the wind tunnel.

wake

Thus, with a free lower surface, there is some
doubt as to the actual boundary condition re-
gquired.  Under conditions as severe as that shown
i figure 5 there is even considerable doubt that
the wind-tunnel results can be successfully cor-
related with any free-flight condition. At mod-
erately large skew angles, the wake will approach
the lower surface of the airstream somewhere
within the closed return passage.  Under these
conditions, the effect of finite jet length (rel. 10)

9

Frovnre 5.
speed in a completely open wind tunnel.

Photograph of flow caused by a rotor at low

would become so Large that it could no longer be
ignored. At present, however, the inelusion of
this effect is considered  prohibitively diflicult.
At very high skew angles, the wind-tunnel results
an probably be corrected fairly well by use of the
normal corrections for a wing.

In view of the uncertainty of the boundary
condition on a free lower surface, no such wind-
tunnel configurations have been considered  in
the present investigation.

EFFECT OF ANGLE OF ATTACK

Thus far in the analysis, it has been assumed
that the rotor is at zero angle of attack. The
analysis  for other angles of attack will  be
restricted herein to the ease of a very small
rotor since this restriction greatly simplifies the
problem.

When the rotor is very small, an angle of
altack produces two predominant effects.  First,
the wake angle with respeet to the tunnel axis
will now be x—a rather than simply x (fig. 6).
The quantity x—ea may thus be considered as an
effective skew angle.  Second, the divection of
the wake doublets will no longer be vertieal sinee
they remain perpendicular to the tip-path plane.
This effeet may, however, be treated by consid-
ering the wake to be a linear combination of a
wake of vertical doublets and of a wake of hori-
zontal doublets having strengths proportional to
the cosine and sine of «, respectively. The
induced velocity for a wake of vertical doublets
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2z
[}

B

Rotor tip-path plone—f'\\ -

Hmn(x a)

Wake of small rotor operating at angle of
attack in wind tunnel.

Ficure 6.

was derived in a preceding section of this paper.
The induced veloeity for a wake ol horizontal
doublets will now be derived.

For a single horizontal forward-directed doublet,
the potential ¢4 18

¢(l =7

(a) Wake in free air.

Fraure 7. Wake of horizontal doublets.

where &, y, and z are now measured from the
—m*r start of the line of doublets.

(a2 e (1)

Equation (22) may be integrated by means of
items 162 and 170 of reference 6. Alter sub-

where #, ¥, and z are measured from the center of
stitutinz the limits of integration, the result is

the doublet.

Thus, for a semi-infinite line (ig. 7) of such
doublets, the potential ¢ will be ‘{(’[’; (r—sin Xy L4 5+ )
. ¢, = B —
. ’[{/ (r—sin x)d! (\ 242 42242 cos X—a sin X)\f-+u 4z
[ 9¢
= "“ |u~[s111 X) 4 (2 cos X)? }“ (22) (23)

The vertieal induced velocity w 111 th(‘n be

op, dm* &I
W, = = - — - -
Oz dl | (§ sy 2t 2 cos x—ur sin X) (P 2

(x—sin xyr2 4y 2) (24 cos Xy Py 2) (24)
(\,rl+1 “1—1—“(()SX~'J\HIX) (r+y ) )

Finally, after nondimensionalization (and the use of eq. 1 13)), equation (24) may be rewritten as

o Ar[ 2y
= 17[ K (11’ T 11)] (25a)

(II (H
[\ (u)+( +(11 RS 7Rk S”"‘][(n +(2 ]
Lo G+ () ()] J<>< I
[\(11) +< +<H) g oS x= *S“”‘] [(TIIVG/ +(11)]j

where

K(n i
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Figure 7(b) shows the combination of horizontal
doublet wake and images which satisfies the con-
dition of a solid floor below the rotor. It will be
observed that the effeets of the real and image
walkes trailing along the floor do not cancel for
this case.  (Note that suflicient tunnel veloeity is
assumed so that the wake does trail rearward.)
Instead, the effects of these wakes now add. I
b) it is observed that the wake along the floor is
identieal to the wake at x=90° (except for being
displaced downward and rearward), the contribu-
Fravre 7. -Coneluded, tion of the two wukes along the floor, in terms of

(b) Wake and imagze dircetly below floor of wind tunnel,

K, may be found directly from equation (25h) as

- x
2K g (U tan X, 11 11+] )

(11 f‘“‘ X 11+1>

- 7 + ”+1 ] <”+ ’)
[ / m1x2+(}?f+( 1+1) 1+4dnx [ r~4m1x’+(”’)+( I+1)]

The use of equation (26) then alters the expression for the correction factor (see eq. (19h)) to the form

),,
[” tan x— \/<” ianX I)

(26)

9 @ @ Ty o A . S I
5”:____~7':’{"Zm m;m (—1H? l:[x (\71; H——,Zm—y, H—-4n>—[& (\”—-((m X 47 2miy, 7 4/1*1)

n=mzy
\

Yo N e
A(J]’U 2my, I[+4"‘ 2>+1\(” tanx,” 2my, 1]-}—411 ])

e e ¥_. < _K(L_ ¥ oz _K(E N
+ 2K e (\Tl_t“mx’ ]]—.Zm'y, /7 4n+l>] K (” tan X, 77 ”+l> A (l]’ 77T .2)
AL x e F Vo (L e
H‘(Ti“t“"“x’ - 1>+2"‘*=“” (77— tanx, 7p 11+1) (27)

where, again, p=0 for the closed tunnel and p=m-tn for the tunnel which is closed on the
bottom only. When the skew angle is 90°, the wake never interseets the wind-tunnel floor, so
that the second, fourth, fifth, sixth, eighth, and ninth terms on the right-hand side of equation
(27) are zero and may be neglected,
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Values of the jet-boundary-correction factor can be obtained by inserting the values of K obtained

from equations (253b) and (26) into equation (27).

The correction factors for the wind-tunnel floor only, wh ch involve the last four terms ol equation
(271, may be expressed in simpler form (appendix By in this case also; that is,

. Lo 1
| X COoRT X—
T 2

N

).
s,=""

NUMERICAL CALCULATIONS

The equations for the wind-tunnel jet-boundury-
correction Tactors (as given by eqs. (7h), (17h),
(19h), and (25b)) were programed for use on a
high-speed automatic computing machine (IBM
704 electronie data processing machine). The
summations were earried out until additional terms
were of the order of 0.00001 of the sum of the last
three terms of equation (19b). This oceasionally
required terms with values of moor noas great as
12, For the small rotor {o—-0}, each combination
ol v and x required approximately 30 seconds of
computing time,

For finite—size rotors (ez0), the values of K
(eef. (7h)) were obtained by computing 240 values
of the integrand around the azimuth and then
integrating by means of Simpson’s rule.  All terts
of the summation for which the absolute values
of both m and » were less than or equal to 2 were
computed by means of equation (7). The effect
of images larther removed [rom the origin than
this was computed by assuming that the rotor
was small (eq. (17)), since at these distances the
difference between the two procedures should be
negligible.  Rather than recompute the effect of
the distant unages, their contribution to 8, was
merely saved from the ¢ 0 ealeulations and then
added manually to the correction for the more
centrally located images.

The capacity of the computing machine nade it
possible, even for finite-size rotors, to compute the
correction factor for the closed tunnel, the tunnel
closed on the bottom only, and the tunnel floor
A total of ap-
proxintely 5 minutes was required to compute
all three numerical results for each combination
of v, ¢, and x. For the special case of x—=90°,
where many terms of equation (19b) are always
zero, this time was reduced to approximately 3
minutes.

The ealeulated correction lactors for 0.5 =y

only in parallel with each other.

IA

. 1 X 5o ,
sin® X cos X—, tan ;—2 cos? X) (28)

920, 05095, and 02 x=£90° are presented in
tubles 1 to 1V,

DISCUSSION

COMPARISON WITH WINGS

[t is ehserved (fig. 4) that for a very small rotor
at x=90°, the complete system of wake images is
reduced to a system of semi-infinite vertieally
direceted line doublets (which are identieal to the
vortex doublets of ref. 1} Iving along the center
lines of the tunnel images,
tems lor the wing and for the rotor at x—9%0° are

Sinee the image sys-

identieal, the caleulated correction factors for the
wing ard for the rotor should also be identical.
Note, Towever, that the present results are ex-
pressed in terms of the rotor induced veloeity .
(. b,

x=90° w,=— F=—=7 there will by a

Sinee
tee 4 5

constant factor of —4 or —2 hetween the present
results andd those of references 1, 2, and 3.1

The caleulated correction faetors from reference
3, in tesms of the present definition, are given in
table V, where they may be compared with the
results of the present ealeulation. Such small
differenves as are shown are merely a measure of
the ace raey of the computing proeedure,

Since the wake of a wing is very similar to that
of u rotor at high forward speeds, it would be ex-
pected that the correction lactors for a finite-size
rotor, in the limiting case of x=90° would be
identice ] to those for an elliptieally loaded wing.
Tuble V1 shows a comparison between the present

1 Referen ¢ 3 (see also ref. 23 ealled attention to certain errors in the original
version of rferenee 1, in consequence of which an errata sheet was appended
toreforenec 1. Major revisions were made before referenee L was incorporated
into the K ghiteenth Annual Report of the NACA (1932).  The numerical
values of U ¢ correction factor for the elosed-un-hotlon-onty wind tunnel, in
particular, were completely recomputed,  The new values, however, were
apparently recaleulated from the equations of reference 3 without regard to
the use of &, rather than Oy in that paper.  ‘Thus, even in the revised version
of referened 1, the correetion factors for the closed-on-bottom-only wind tunnel
are incorres ¥ by a factor of 2.
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It will be
observed that the correction factors for the wing
and rotor, in general, follow the same trends, but

results and those for a wing (ref. 11).

that there are differences which inerease as the
size of the rotor inereases.  The major reason for
these differences is that the correction factors for
the wing were computed on the basis of an arerage
mterference across the span, whereas the correc-
tions for the rotor were obtained by computing
the interference at the rotor center onfy.  The dis-
tribution of the interferenee velocity over the rotor
will be discussed subsequently.

EFFECT OF WAKE SKEW ANGLE

Figure 8 shows the manner in which the jot-
houndary correetions for a small rotor vary with
wake skew angle.  In general, for both wind-
tunnel-wall configurations investigated, the inter-
ferenee veloeities, which are identienl to those of
aowing at x . 90°, rapidly change (o indieate a
Luge induced upwash as the skew angle approaches
zero, The change with skew angle is greatest for
the wind tunnels with the largest width-height ratio.
The reason for this change is primarily « greatly
increased effect of the tunnel floor.  This effect
may be seen in figure 8(h) where the wind-tunnel
correction factors closely approach the correction
factors for the tununel floor only as the skew
angle approaches zero.

In free flight, the wake skew angle inereases
rapidly from zero in hovering.  For a typical,
lightly loaded helicopter rotor, skew angles of 80°
to 90° are obtained at tip-speed ratios of the order
of 0.10 to 0.15. Thus, for wind-tunnel tests at
cruising and  high-speed  flight. conditions  (high
skew angles), the wind-tunnel corrections for a
rotor are essentially the same as those for a wing.
In hovering, and in the transition speed range
flow skew angles), however, the jet-boundary
corrections will be miuch larger and will change
rapidly with forward veloeity.

EFFECT OF WIDTH-HEIGHT RATIO

For the two wind-tunnel configurations ex-
amined, figure 9 shows that there is no width-
height ratio which yvields a zero-correction wind
tunnel for all rotor flight conditions.  For high-
skew-angle flight conditions, the wide tunne's are
probably superior since the correction factors are
sonewhat smaller. For tests at very low speeds,

however, the situation is reversed, and it may be
preferable 1o have a narrow deep test section,
This is particularly true for low-speed  static-
stability tests of large rotors, sinee the variation
in the correction factors with speed for a wide
tunnel may be large enough to produce serious
errors in the stability derivatives with respeet to
veloeity,
EFFECT OF ROTOR SIZE

The caleulated jet-boundary-correction factors
for rotors with finite size are shown graphically in
figures 10 and 11 as a funcetion of the ratio of rotor
diameter to timnel width ¢ and in figures 12 and
13 as o function of wake skew angle.  Examination
ol these figures indieates that the correction factors
are influenced to a large degree by the ratio of
rotor diameter to tunnel width and that the degree
ol influence is Lurgely dependent upon both the
wake skew angle and the wind-tunnel width-height
In general, the following trends may be
For wind tunnels which have greater

ratio,
observed.
width than height, inereased rotor size entails
This

reduction is greatest at the low skew angles asso-

major reductions in the correetion lactor.

ciated with hovering and transitional flicht. The
reduction of the correction factor decrenses as the
width of the tunnel decreases, until at values of 5
on the order of 0.5 the effect of rotor size on the
correchion factor is very small and in some eases
negligible,
EFFECT OF ANGLE OF ATTACK

It was pointed out in a previous section that the
effeet of angle of attack could, in the case of a
very shiall rotor (6=0), be accounted for by using
an effeetive wake skew angle x —a and by including
the interference caused by a wake of suitably
seleeted horizontal doublets.  Figure 14 (see also
table IV) presents the jet-boundary-correction
factors for a wake of horizontal forward-dirceted
doublets of unit strength.

1t will be observed that the correetion factors
for the horizontal doublet wake are of the same
order of magnitude and show the same trends
with skew angle as the correction factors previously
presented  for the vertical doublet wake. A
comparison of the correction factors for the various
wind-tunnel indicates
before, the wind-tunnel floor is responsible for the

configurations that, as

major portion of the correction.
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Fragurr 10.-—Continued,

The interference correetion factors, for both
horizontal and vertical doublet wakes, have been
combined, as previously discussed, 1o obtain the
correction factors for rotors operating at tip-path-
plane angles of attack of +£5° and £ 10°. These
correction factors for y=1.0 are shown in figure 15
as a function of the effective skew angle x—a.
It 18 evident that angle of attack has a significant
effect upon the correction factor. However, for
the angles used in figure 15, which are typical of

rotor tests, it appears that the changes due to
angle of attack should be small enough that the
present simple treatment will suffice even when
the rotor is reasonably large.

Figure 15(e) is of particular interest because of
its close relation to the treatment of ground effect
in reference 9. Here, angle of attack alters the
correction factors by an almost constant per-
centage which is approximately equal to twice the
angle of attack in degrees.
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Fravre 15.—Effect of angle of attack on wind-tunnel jet-koundary-correction factor.  y=1.0.
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Figure 15.- -Continued.



38 TECHNICAL REPORT R-71

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

B
Py

A
[e2}

A
@

Wind-tunnel jet-boundary-correction factor, 8,

L
e)

30 40

_L

I I U

50~ 60 70 80 30

Effective wake skew angle, X - x, deg

(¢) Wind-tunnel floor only.

Firauvre 15, —Concludec.

DISTRIBUTION OF INTERFERENCE YELOCITY

Figures 16 and 17 show the distribution of the
tunnel-induced interference  velocity along  the
major axes of the rotor disk for a case in which
v=2.0 and ¢=0.4. The interference veloeity is
presented directly and was obtained by noting
that the area ratio Ag/Ady in equation (19a) is
given by

;l,f_ o

Ay 4B 1Y (29)

The mterference velocity varies widely over the
rotor disk. In particular, the peak interference
along the lateral axis is experienced at the center
of the rotor, and at all skew angles the interference
decreases toward the sides of the rotor. The
interference veloeity distribution is not as simple

along tle longitudinal axis. Here the peak mter-
ference oecurs at the center of the rotor only when
the skew angle is zero.  As the skew angle in-
creases, the point of maximum interference shiflts
further rearward until, for skew angles of 45° or
more, 1e interference velocity inereases monoton-
ically from the leading edge to the trailing edge of
the rotor disk. The peak value of mterference
is, how ver, always found to occur very near a

- : £_ L L
value ol o/ of tan x. (.\()1( that 7j0Y por in
this putticular example, ;7=0.8 7 )

iis particular example, ;7=0. v

The differences between the loeal interference
velocity and the value at the center of the rotor
indicate that some error has been incurred by
using ouly the interference at the center of the
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(1) Closed wind tunnel.

Fravre 16.—Distribution of jet-boundary-induced interference veloeity on lateral axis of rotor.

rotor in determining the jet-boundary correetion.
This is illustrated by figure 18 in which, for this
case (6=0.4, v=:2.0), the correction factor based
on the average interference velocity is compared
with that computed using only the central inter-
ference veloeity, It may be seen that the use of
an average value of interference velocity signifi-
cantly reduces the size of the jet-boundary correc-

y=2.0; e=0.4.

tion at low skew angles but that there is little
difference at higher skew angles.  Since, for ¢=0,
the interference veloeity at the center is identically
cqual to the average interference velocity, it may
be observed that the error caused by using only
the central interferenee veloeity will decrease with
decreasing rotor size.
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ok

(a) Closed wind tunnel.

Ficure 17.—Distribution of jet-boundary-induced interference veloeity on longitudinal axis of rotor, y=2.0; ¢ =0.4.
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(b)Y Wind tunnel closed on bottom only.

Frsrre [7. Continued.
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(e) Wind-tunnel floor ounly.

Freuvre 17.—Concluded.



14 TECHNICAL REPORT R—71

NATIONAL AERONAUTICH AND SPACE ADMINISTRATION

I o 1 ) ’T‘"

| e l l . ;

Wind tunnel closed on botfom only-.

L : S

R
H

K
=)

A
@

Wind-funnel jet-boundary-correction factor, 8,

-l.4

[ i
0] 10 20 30 40

| Closed wind tunnel -

/I/% |
|
el _—

Wind-tunnel floor only-.
+ T t

N

d

\
IS
[ e —
| P
. L .
SR A

{ i
i | ‘
i I i
| i
| ]
bee . i + P
|
—— —— Average interference
' -1
Interference ot center
%
+ | ‘ —_—

]
| ‘ : 1
- N T R
50 80 70 80 90

Wake skew angle, x, deg

Frarre 18, —Compuarison of average jet-boundary interference with that found at rotor center.

TANDEM ROTORS

With tandem rotors the wind-tunnel boundaries
induce an interference velocity over each rotor
which is due only to the presence of the individual
rotor in the wind tunnel.  In addition, an inter-
ference velocity at the front rotor is induced by
the tunnel boundaries because of the presence of
the rear rotor. Likewise, there s a correction
upon the rear rotor because ol the presence of the
front rotor. For example, when considering

y=20; 6=0.1.

equally  loaded, nonoverlapped, tandem rotors,
the total average interlerence veloeity at the
front roor is the sum (fig. 17) of the average

. x .
interference over —1 <+, <1 and the average inter-
I.) tal

ference cver —3 =5 =<—1, whereas the average

Sis

v at the rear rotor is the sum
. z
of the wverage interferences over —1§7‘;§1 and

—_

interference veloel
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lgl'i,§2§. The interference at the rear rotor
(fig. 19) 1s therefore much greater than that for a
single rotor, and it reaches a maximum at a skew
angle of the order of 55°. The interference at the
front rotor is somewhat greater than that for a
single rotor; however, it rapidly approaches the
single-rotor  interference  us  the  skew angle
mnereases.

EFFECT OF DISK LOAD DISTRIBUTION

The entire analysis presented herein has been
confined to the case of w uniformly loaded rotor.
The additional consideration of nonuniform disk
loanding would greatly increase the difliculty of
obtaining numerical results and therefore has not
been attempted.,

Some insight into the magnitude of the effect
of nonuniform disk loading can, however, be ob-
tained from previous work on wings in the wind
tunnel and on rotors hovering in ground effect.
Sinee a uniformly loaded rotor in high-speed
flight (x=90°) is equivalent to an elliptically
loaded wing, the magnitude of the effect of changes
in load distribution should be essentially the same.
It is clear (refs. 11 and 12) that the effeet of
changing from elliptic to uniform loading is small
and that it may be accounted for simply by as-
suming that the wing has a somewhat shortened
span.  The same treatment should be suflicient
for the rotor as well, provided that x is near 90°,

Reference 13 treats the case of uniformly and
nonuniformly loaded rotors hovering (x=0°) in
ground effeet. The caleulated results are exactly
equivalent to those of the present paper for the
case of the wind-tunnel floor only. The height
above the ground Z/R in reference 13 is identical
to 1/oy in the present paper and the interference
veloeities may be obtained by subtracting the
induced veloeities at infinite height above the
ground from those at any given value of Z/R.
When treated in this manner, the ealeulated
results of reference 13 appear as shown in figure
20(a), where the interference velocities [or both
uniform and triangular disk loading are presented
as a function of radius,

Figure 20(a) shows that the distribution of the
mterference velocity over the rotor disk is greatly
affected by changes in disk load distribution when

oy 1s greater than 1. Thus, corrections to de-

tailed measurements of rotor-blade pressure-dis-
tribution measurements, for example, might be
severely affected by the assumption of uniform
loading.  For simpler measurements, such as the
overall forees developed by the rotor, the results
can probably be corrected adequately by the use
of only the average interference velocity over the
entire rotor disk.  These average velocities are
shown in figure 20(b) where it may be seen that
the effeet of changes in disk load distribution is
small.
APPLICATION OF RESULTS

For a wing, the characteristies in the wind
tunnel are identieal to those of the same wing
operating at a different angle ol attack in free air.
This interpretation is not adequate in the present
case sinee, i hovering and at very low speeds,
the characteristies of the rotor are affected pri-
marily by the change in inflow rather than by the
change in effective angle of attack. It is for this
reason that the correction factor is defined herein
in terms of the induced veloeity,

One interpretation of the present results is that
the mterference velocity represents a change in
rate of climb (or sink) between the corresponding
wind-tunnel and free-air flight conditions.  This
imterpretation is valid throughout the entire speed
range of arotor.  In the limiting ease of hovering,
it is the only possible interpretation, and con-
siderable eare will be required in correlating the
results from flight and wind-tunnel tests. At
high speeds, however, the coneept of a change in
rate of elimb is identical to the concept of a change
inangle of attack.  Thus, at high forward speeds,
it is permissible to use the correction as a change
in angle of attack given by

Aa=tan—1 2 (30)
|

It may be noted that mathematically the wind-
tunnel corrections for a wing approach infinity as
the veloeity approaches zero solely because Ae is

Aw
v

taken as Aw/V rather than tan™! - This pre-

sents no real diffieulty initself sinee the represen-
tation of the wake, which passes directly down-
stream, is hopelessly inadequate long before the
small-angle  assumption  introduces  significant
CITOrs,
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Ficure 20.—Concluded.

EFFECT OF OFFCENTER POSITIONS OF ROTOR

The caleulations presented in this paper have
been restricted to the ease of a rotor centered in
the wind tunnel. Tt has been shown that for a
wing (ref. 12, for exatuple) the correction factors
will be altered by locating the wing cither above
or below the wind-tunnel center line.  Similar
effects may be expected for a rotor. For the case
of x=90°, these effects are, of course, identical to
those already available for wings.  For example,
the svmmetry of the wake in the wind (unnel
causes the correction factor to be the same for
svimmetrical locations above or below the center
line.  For skew angles other than 90°, the wake
of a rotor eventually passes close to the floor
regardless of whether it 1s above or below the
wind-tunnel center line; consequently, the cor-
rection factors will differ for locations above and
below the wind-tunuel center fine.  Since at very
low speeds the tunnel floor alone accounts for the
major part of the interference. it would be expected
that the interference will be less for locations above
the conter line (farther from the floor), and greater
for locations below the center line (nearer the
floor).

APPLICATION TO WINGS

The correspondence between the corrections for
wings and rotors, particularly for ¢==0 where a
knowlodge of the shape of the lifting mechanism
is immaterial, leads to several interesting con-
clusions regarding jet-boundary corrections for
wings.

First, note (fig. 8) that the correction factors
are al ered only slightly by wake skew angles in
the range 75°<x<90°  These skew angles cor-
respor d to the maximum wake deflections that
are  a.tainable  with The very
small ffect of these small wake deflections is the
reasor that it has not been found necessary to

simple  wings.

account for the actual wake defleetion when com-
puting the correction factors for wings.

Second, note that if a larger wake deflection is
attained, then there may be considerable change
in the jet-houndary correction.  Sueh large deflec-
tions e indeed encountered i low-speed  wind-
tunne  tests of most vertical-take-off-and-landing
airera 't [n such eases, it may be preferable to
use tho present results by finding an effective skew
angle based on total lift rather than to attempt to
account for the corrections on the basis of the jet-
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boundary-induced interference veloeities computed
for a wing with no wake deflection,

CONCLUSIONS

This study of the jet-boundary corrections for
lifting rotors centered in rectangular wind tunnels
has provided numerical values of the jet-boundary-
correction factor.  Study  of these numerieal
ralues indicates the following conelusions:

1. At high speeds (wake skew angles near 90°),
the jet-boundary corrections for a rotor are the
same us those for a wing,

2. At very low speeds (low skew angles), the
corrections are largely determined by the wind-
tunnel floor; in the cases considered there is a
large tunnel-induced upwash at the rotor,

3. Increasing the rotor size deereases the jet-
boundary-correction factors for wide wind tunnels
but has little effect if the ratio of width to height

18 significantly less than 1.0, The effect of rotor

size is greatest at the low skew angles which
represent hovering and transition flight.

4. There 18 no wind-tunnel width-height ratio
among the cases considered which results in a
zero-correction wind tunnel throughout the entire
speed range.

5. The wind-tunnel-induced interference veloe-
ity will he highly nonuniform over the rotor disk
if the rotor is large with respeet to the wind-tunnel
width.  The nonuniformity along the longitudinal
axis causes major inereases in the corrections at
the rear rotor of tandem helicopters.

6. The wind-tunnel corrections are more appro-
priately considered as a change in rate of climb
rather than o change in angle of attack. Con-
sidderable eare will be required in the application of
these corrections at very low forward speeds.
LanaLeEy ReskarcH CENTER,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,

Laxcrey Frxun, Va., January 11, 1560.



APPENDIX A
CORRECTION FACTOR FOR A WAKE OF VERTICAL DOUBLETS ABOVE A SOLID LOWER BOUNDARY

The jet-boundarv-correction factor for a wake of vertical doublets above a solid lower boundary
is g1ven by the last three terms of equation (19b) as
bl .

\

= | =i I Mt |
8, == - I: A (” tan X ” ]I_H) (“ ” ” )—+—1\( tan X 17710 1):| (A1)
where, lrom equation (17h),
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Only the center of the rotor is considered herein; thetelore, v —=y=:=0in equation (A1). Then
substituting equation (A2) into cquation (Al) gives

(A2)
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Equation (A3) may be considerably simplified by notir g the identity 4 1+ tan? XM'W X Thus,
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and. finally,
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APPENDIX B
CORRECTION FACTOR FOR A WAKE OF HORIZONTAL DOUBLETS ABOVE A SOLID LOWER BOUNDARY

The jet-boundary-correction factor for a wake of horizontal doublets above a solid lower bound-
ary 1s given by the last four terms of equation (27) as

roy

5"‘:_?[_1"(’// tn o o oot ) ['(1'/ " /F')

/ z N . x ) )
+l\< tmx,“x—/lwly)—% _’]\‘\:M(// (mX,” ”} )] (B1)

where, from equuation (25bh),
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VGGG oo (G (o)
L=y G+ )+ ] [ \< ‘>" < >+(,,'>f]
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Since only the center of the rotor is considered herein, w=py=:=0 in equation (B1).  Now sub-
stitute equation (B2) into equation (B1) to ohtain
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Simplilying cquation (B3) vields
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JET-BOUNDARY-CORRECTION FACTORS FOR CLOSED RECTANGULAR WIND TUNNELS

TABLE 1

(0) y= 2.0

55

Skew Correction factor for o of —
angle, e o B e
x, deg \ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 ' 0.7 0.8 09 | 095
0 —2.341 |—2.268 ' —2.073 |— 1. 817 |[— 1. 551 {—1.306 |—1. 006 |—0. 921 '—0.778 | —0. 663 '~(). 614
1404 12126 | —2.070 —1.921 |—1 713 {— 1 486 | —1.273 |—1. 072 1 — 907 | —. 770 | —.658 : —. 611
26.56 |[—1.664 |—1.638 |—1.569 |—1.456 | —1.314 |- 1. 158 | — 1. 006 ; —. 867 | —. 746 | —. 644 ‘ —. 600
45. 00 — 041 | — 0937 | — 029 | —. 912 — 886 | —. 846 —. 792 | —. 728 | —. 659 —. 501 | —. 559
63. 43 —. 581 | —. 576" —. 566 | —. 549 | —.528  —.506 | —. 483 | —. 463 | —. 444 — 428 —. 120
75. 97 —.843 | —. 5836 | —. 524 ° — 506 | — 481 | —. 454 | —. 427 | — 400 0 . 375 | —. 352 - 344
84, 29 —. 546 | —.537 | —.525  — 507 | —. 483 | —. 456 | --. 430 I — 402, —.378 | —.356 : - 348
90. 00 —. 545 | —.534 | —.523 | —. 504 | —. 480 | —. 454 | — 427 — 401 | —. 377 | —.355 | —. 348
‘ i
\
by y=1.5
Skew | Correction factor for o of -~
angle, | e . o e _ .
X dcg ‘ } i
0 0.1 0.2 0.3 0.4 0.5 | 06 0.7 0.8 0.9 0.95
o | R — [ [ U e
0 —L 780 |[—1.720 |- 1. 662 |—1.536 | —1.390 |—1.242 | —1. 100 .—0.972 | —0. 859 |-—-0.763 [|—0. 720
14, 04 —1.619 . —1. 596 | —1.530 |—1.432 |—1.314 "—1. 187 L0633 | — 947 | — 843 | —.TH2 | —. 712
26. 56 | —1.274 | —1.264 |—1. 235 |—1.187 | —1.123 i —1. 046 ' —. 963 8T8 | —. 796 | --.T72) .
45. 00 —. 739 i —. 737 | —. 734 720 —. 721 —. 710 — 693 . - 672 | —. 645 —. 614 | —. 599
63. 43 — 482 L — dTY | — 4TE 469 | —. 462 | -~ 454 —. 445 | —. 438 | —. 431 —. 427 ‘ —. 426
75. 97 —. 467 —. 462 | — 458 | — 452 | — 44| — 435 | - 426 0 — 417 1 — 408 | —. 404 | —. 402
84. 29 —. 475 | —. 469 | — 465 | —. 459 | —. 451 | — 443 | — 434 | - 426 | —. 420 | —. 416 —. 415
90. 00 —. 476 | —. 467 . - 463 | -, 457 —. 450 | —. 441 -, 433 | —. 425 - 419 | —. 416 ‘ —. 415
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SPACE

ADMINISTRATION

JET-BOUNDARY-CORRECTION FACTORS FOR CLOSED RECTANGULAR WIND TUNNELS

(¢) y—1.0
_ | -
i Correction factor for o of—
Skew angle, e . e
x» deg |
‘ 0 0.2 0.4 0.6 0.8 0.9 .95
— . 4 . A,A;,,A I I JE U [
0 \ — 1. 288 o= 1,203 -1, 160 = 1039 — 0. 916 —{}. 860} —(. 833
14, 04 ‘ — L1841 157 ~ 1L 08T —. 991 —. 888 —-. 838 —. 815
26. 56 — 061 1 — 049 —. 019 — 872 —. 812 —. 781 —. 765
15,00 625 624 - 626 - 628 —. 629 620 —. 629
63, 13 BT - 403 —. 496 —. 501 —. 511 — ALY L 523
5 97 ~. 520 510 —. 522 —. 530 . B —. 554 - 560
S84 20 543 539 REXN - 553 —. 570 - 582 —.58) |
90, 00 - 545 533 - 543 —. 552 —. 569 - 582 58|
(d) v—=0.5
Clorrection fa tor for o of
Nkew angle, _ L - L . e
x, deg i i
‘ 0 i 0.2 1 0.4 06 | 0.8 0.9 0.95
— [P N - - — -} [ PR [P, — - e = PR PR ——— ——
( ! - 1016 -1, 004 ‘ —(). U88 - 0. HHY —{. 946 —{. 933 -0. 926
4. 04 | —. 97H ‘ —. 9h8 —. 951 —. Y38 —. 922 —. N2 -, 907
2¢. H6 —. 842 - BT i —. 876 -—. 874 —. 870 —. 808 -. 867
45, 00 —. BO7 -, 792 —. 797 -, 806 ‘ --. 814 | -. 828 -. 832
63,43 -, 876 -. 8b6 -, R66 - - 884 | -, 912 ‘ - 430 HEY
TH.97 --. 986 —. 960 —. 974 —. 999 -1. 037 ; -1..063 -1, 078
84,29 - 1037 1. 02 —1. 021 -1 049 --1..0492 1. 121 [. 137
90. 00 - LoAM6 -1, 018 -1 34 -1, 062 — L. 106 - 1. 135 — 1. 1563




JET-BOUNDARY CORRECTIONS FOR LIFTING ROTORS CENTERED IN RECTAN sULAR WIND TUNNELS

TABLLE 11

JET-BOUNDARY-CORRECTION FACTORS FOR RECTANGULAR WIND TUNNELS CLOSED
ON BOTTOM ONLY

Skew

angle,

x, deg

0 0.1

0 [—2. 103 | —2. 038 |

14, 04 — 1. 882 '— 1. 832

206. 56— L 404 |- 1. 385

45. 00 —. 633 | —. 634!

63. 143 ‘ —. I81 —. 18]

7597 —. 062 - 061

8420 —. 022 i - 021
Low0.00 1o 0
[ .

Nkew

angle, B

x, deg

0 0.1

0 — 1. 549 | — 1. 504

14 04 — 1. 382 |— L. 360

26. 56 —1.021 —1.013

15, 00 —. 435 —. 436

63. 43 - 079 - 079

75,97 033 . 033

84. 29 . 083 . 083

). 00 112 111
L

-1 692
. 328

. 181
-. 060
- 01
L 003

[

— 1. 435

CU87
436
.

635

L84 |

. 605
497
. 225
. 634
—. 181
057
016
. 006

‘ 0.3

—1.
—1.208 |-

034

. 084

1.

313

204 ‘
043

436
078
037
087
13 ‘ 116

(n) v -2.0

Correction factor for ¢ of

0.4 ‘ 0.5 ‘ 0.6

0.7

LL:;M \ 1. 126 L(l_ 932 0. 7T
‘~l.285 1. 088 905 ‘ - TH
L= 1. o9y SO60 . - 826 | - 7O
- 627 S60T |- AT 528
POUIS2 - 182 U838, 184
o5y 048 043 ‘ 036
=012 =006 |00l | 010
VY I I S (T ) 035

h y=15
Clorrection factor for ¢ of -

‘ 04 1 05 0.6 ‘ 0.7
[0 173 !7I.()3l) 0. 894 |—0. 771
SLO09L - 970 | —. 852 | —. 741
—. 884 | — 814 | —. 736 : —. 656
— 3| 420 419 | — 403
| —. 077 0 — 075 ] —. 073 | —. 070
‘ 040 044 . 050 057
000 L 096 102 L1100
120 ‘ . 125 S132 0 140

—(.

. 028
. 020
L 046

662
. 641
. A7
. 380
. 066
L 065
119
. 150

—0. 538

0.9 | 0.95

-0, 493

=330 —. 186
—. 506 | --. 165
L9 32
182 S 180
S 01 014
031 037
058 065
0.9 0.95
~0). 568 | —0. 525
—. 551 —. 511
-, 506 o
—. 351 | —. 335
—. 062 -, 060
L0775 . 080
131 137
L 161 . 168
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JET-BOUNDARY-CORRECTION FACTORS FOR RECTANGULAR WIND

TABLE I1I.—Concludel

ON BOTTOM ONLY
(¢) y=1.0

Skew angle,
x, deg

04
. 56
5. 00
.43
atr
.29
40. 00

Skew angle,
x» deg

14 04
26. 56
45. 00
63. 13
75,97
84,29
90. 00

—0. 960
—. 847
—. 601
—. 195
072
YE!
24

50

2
2
2

—0. 265
—. 201
—. 061

. 192
L 395
. 482
L &4
. 524

0.2 0.4 0.6 0.8 0.9
—0.927 —0. 829 —0. 702 0. 569 —0. 505
—. 822 —. 748 —. 645 —. 531 —. 474
—. 591 —. 557 —. 502 —. 430 —. 390
—. 196 —. 103 —. 185 —. 170 —. 159
070 075 . 085 . 099 109
170 178 . 100 . 210 . 223
217 2924 . 237 . 258 272
‘ 241 298 . 261 . 282 . 296

L R - L o B
(d) y=0.5
Correction factHr for ¢ of —
e e e
0.2 0.4 0.6 0.8 0.9
o — - [ I R e
—0.267 —0.259 —0. 236 -0, 208 —0. 192
—. 210 —. 199 —. 182 —. 159 — 147
- 072 —. 066 —. 056 —. 042 --. 034
176 . 181 . 189 . 201 . 200
374 | .383 . 400 . 425 442
151 . 164 . 487 . 521 . 545
473 . 487 511 . 550 577
175 i . 489 514 . 553 . 580
|

Correction factor for o of

TECHNICAL REPORT R—71—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TUNNELS CLOSED

—0. 184
—. 140
—. 030

. 213
. 451
. 559
. hY2

. 596




JET-BOUNDARY CORRECTIONS FOR LIFTING ROTORS CENTERED IN RECTANGULAR WIND TUNNELS

TABLE II1

JET-BOUNDARY-CORRECTION FACTORS §, FOR WIND-TUNNEL FLOOR ONLY

() vy=2.0

Skew Correction factor for o of —
angle, . . _ e e -
x, deg

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0 —2.228 |—2. 157 — 1. 968 SLTL8 | — 10459 | —1.223 |—1. 021 |—0. 853
1+ 04 |—2.010 |—1.957 | — 1. 813 —1.612 S1392 — 1L I8T | —. 995 0 —. 838
26. 56  |— 1. 541 1519 | —1. 453 S48 | — 1 214 — 1 067 | —. 923 . T93
45. 00 = 796 0 — 795 | - Tl U783 1 —. 766 736 0 - 692 | --. 637
63. 43 -, 395 —. 393 —. 387 —. 379 —. 364 —., 358 —. 348 —. 338
5. 97 —. 325 | —. 323 315 | —. 305 291 | —. 276 L2549 | —. 242
84. 29 —. 318 . 316 —. 309 209 | —U285 | =L 2069 | —-. 252 -. 235
90. 00 —. 318 | —. 316 . 309 -, 208 | —. 285 -, 2069 | —. 2h2 -. 235

h) y=1.5

Skew Correction factor for o of—
angle, 1 o . e e
x, deg ‘

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0 —1.671 — 1. 641 |- 1.5835 |— 1. 431 1. 288 | —1. 142 |- L. 003 ‘f(). 877
1+ 04 — L.H08 | — 1. 485 |- 1. 421 '— 1, 325 1. 209 |—1. 085 —. 963 | —. 849
206. 56 |—1.156 |—1. 146 |- 1. 118 LOV3 | — 1. 011 —. 937 —. 836 ¢ . T73
45. 00 —. 507 | —. B0 | —-. 595 ¢ —. 593 —.B87 | —-. 578 | —. 564 -, 045
63, 43 —. 246 -, 205 w203 --. 289 -~ 284 —. 279 —. 273 —. 267
5. 97 - 24 - 243 | - 240 L2356 | —.220 . 221 - 213 —. 204
84. 29 —, 239 | —.238 | —.23H 230 | —. 224 —. 2161 —. 208 | —. 199
9. 00 —. 239 | —. 238  —.235 | —.230 —. 224 216 ] —. 208 - 199

|

0.9 0.95
0. 607 —0. 560
—. 600 | —. 355
- 582 | —. a3y
- 514 | . 484
U318 | 313
—. 210 . 203
—.202 0 —. 194
- 202 L 194
0.9 0.95
—0. 668 1 —0. 626
—. 6306 —. 615
— 618 |
— 480 | —. 472
- 255 1 . 252
—. 185 —. 180
1T 1T
— 179 | —. 175

59
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1L

26,

0

4.
623,
5.
84
90.

Rkew ¢
X, (l(‘,'.’:

th
26.
4.
623,
h.
8t
Q0.
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TABLE ITI.—Concluded

ADMINISTRATION

JET-BOUNDARY-CORRECTION FACTORS 5, FOR WIND-TUNNLL FLOOR ONLY

Skew angle,
x> deg

O
Ht
00
13
9y
29

00

ingle,

0t
56
00
13
a7
29

00

(e) y==1.10

Cuorrection facto - for o of —

|
0 0.2 0.4 0.6 0.8 0.9 o095
‘
—1. 114 —1. 078 —0. 084 | —0.850 —(. 730 —0. 664 —{). 639
—1. 005 — 978 1 —. 807 | —.806 — 6 | —.642 I — 616
—. 770 —. 759 —. 727 1 —. 673 —. 607 1 —. 571 —. 552
—. 398 — 397 —. 396 —. 301 —. 383 —.37% —. 372
—. 197 — 196 —. 194 —. 190 —. 185 | —.182 —. 181
—. 163 —. 161 —. 158 + —. 153 —. 146 —. 42— 140
— 1A — 158 — 155 — 14 —a2 0 —se bo— 7
— 139 —. 158 —. 155 —. 1) —. 142 —. 138 | —.13
(d) y==0.5
Correction facto: for o of —
- } . - e e
0 0.2 0.4 0.6 0.8 0.9 0.95
—). 5d7 — (. 5d3 —0. 539 —{. 513 —0. 492 —). 477 —{. 469
—. 503 — . 499 — . 484 — 473 —. 153 —. 442 —. 435
—. 385 —. 381 —. 380 —. 37 —. 363 —. 358 —. 354
—. 199 —. 199 —. 199 —. 193 —. 198 —. 197 —. 197
—. 099 —. 099 —. 008 —. 093 —. 097 —. 096 —. 096
—. 081 —. 081 —. 081 —. 08} —. 079 —. 078 —. 078
—. 080 —. 080 —. 079 —. 073 —. 077 —. 077 —. 076
—. 080 —. 080 —. 079 —. 073 —. 077 —. 077 —. 076
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TABLE IV

JET-BOUNDARY-CORRECTION FACTORS FOR A

WAKE OF HORIZONTAL DOUBLETS IN
A RECTANGULAR WIND TUNNEIL

(21} Closed wind tunnel

Skew Correetion fuctor for 4 of
angle, x, e _
deg B ‘ ‘ |
P05 1.0 1.5 2.0
( 1.012 ‘ -1.320  —1.811 . 2, 380
14. 04 —939 | —ro088 | -1 400! - 1. 877
26. 56 ‘ —. 841 —. 811 | — 1. 005 | —-1.316
45.00 | — 645 —. 477 -~ 54l -. 676
63.43 | —. M3 — 274 - 283 \ = 341
5. 97 . 233 —. 141 T & —. 172
84. 29 —. 108 —. 056 L0567 ‘ —. 069
90. 00 ‘ 0 0 0 0
I . _
(h) Wind tunnel closed on bottom only
Skew Correction factor for 5 of ‘
angle, x, el
deg ‘
0.5 1.0 ‘ 1.5 2.0 ‘
0 —0.307 | =1 114 | —1.836 | —2 636 ‘
14. 04 —. 142 —. 861 ~1.496 | --2 211
26. 56 . 018 —.d8% | —1.112 -1. 656
45. 00 . 165 —. 264 —. 650 —. 986
63. 43 . 161 —. 129 -. 403 —. (83
75,97 . 109 —. 111 —. 351 —. H8Y
84, 29 . 045 —. 121 —. 338 —. H48
9. 00 ‘ —. 008 | — 136 --. 335 o 526
!
(e) Wind-tunuel floor only
Skew Correction factor for 4 of -
angle, , | [
deg
0.5 1.0 1.5 2.0
I
| |
0 —0.637 —1.273 | —1.910  —2 546
14, 04 —. 823 | —1.046 | —1.568 | —2. 091
26. 56 —. 384 —. 769 | —1.158 | —1.537
45. 00 —. 218 | —. 437 —. 655 —. 873
63. 43 —. 1310 262 —. 394 | —. 525
75. 97 —. 102 —. 204 —. 306 —. 408
84. 29 —. 088 —. 176 —. 264 —., 352
90. 00 —. 080 ;o— 189 . —.239 —. 318

TABLL V

COMPARISON OF JET-BOUNDARY-CORRICTION

FACTORS 5, FOR A SMALL ROTOR (x=90°)
AND FOR A SMALL WING (REF. 3)

(2} Closed wind tunnel

6. for
Yol
Wing ‘ Rotor 1
0.5 — 1. 048 ‘ — 1. 046 ‘
1.0 —. 548 —. 545
20 —. 548 ‘ —. 545 ‘

(b) Wind tunnel cloked on bottom only

8y for—
Y — S
Wing | Rotor
0.5 0. 524 0. 524
1.0 250 . 250
2.0 0 0
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TABLE VI
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COMPARISON OF JET-BOUNDARY-CORRECTION
FACTORS 6. FOR A ROTOR (x=10°) AND FOR A
WING (REF. 11) IN CLOSED WIND TUNNELS

(a) y=2.0

Rotor

. 545
—. 523
—. 180
—. 454
—. 427
—. 401

—. 377

—. 355

‘ &, for
a ‘ Wing
Elliptic ‘ Uniforn:
loading loading
0 —0. 548 —0. 548
2 —. 516 —. 508
1 —. 450 —. 424
! 5 —. 116 —. 37
.6 —. 388 —. 37C
‘ A —. 370 —. 36
.8 —. 366 | —. 37
’ LY —. 378 —. 43t
b))y y=1.0
8, for—-—
4 ‘ Wing
| Iilliptie Uniform
loading loading
0 —0. 548 —0. 544
L2 — . B54) —. 556!
.4 —. 562 —. 563
.6 —. 5490 —. 61)
.8 —. 654 —. 724
.9 —. 718 —. 87)

Rotor

—0. 545
—. 533
—. 543
—. 552
—. 569
—. 582
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